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Abstract 
A phenomenological material model describing anisotropic plastic behavior of 21-Cr ferritic stainless steel sheet was 
investigated using a non-quadratic anisotropic yield function. Uniaxial tension tests in rolling, diagonal and transverse 
directions, equi-biaxial bulge test and disk compression test were conducted for determining parameters of the yield criterion. 
Especially, Rb(İTD /İRD) values obtained from disk compression test and equi-biaxial bulge test were compared. For modeling 
of yield anisotropy of a metal sheet, the yield function, Yld2000-2d has been widely used by assuming that the shape of its 
initial yield locus does not change during deformation. In this study, in order to consider variation of stress ratios, coefficients 
Į1aĮ8) of Yld2000-2d model were assumed to be functions of the equivalent plastic strain and the corresponding yield 
function was implemented into the user material subroutine in the FE software ABAQUS. Effects of variation of stress ratios 
during deformation were studied using single element FE simulations. Results showed that Yld2000-2d model with varying 
coefficients could describe the stress-strain curves under both uniaxial tension and equi-biaxial bulge better than that with 
constant coefficients. 
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1. Introduction  
21-Cr ferritic stainless steel with high corrosion resistance and cost effectiveness was developed to replace 
austenitic stainless steel 304. However, because of the high Cr content, 21-Cr ferritic stainless steel has inferior 
formability compared to austenitic stainless steel 304 so that a more accurate forming analysis is needed. For this 
purpose, it is necessary to use yield functions precisely representing mechanical properties of the material in 
forming analysis. These yield functions have accomplished much development from Hill’s (Hill, 1948) to Barlat’s 
(Barlat et al., 2003). But most yield functions have used the stress ratios at any one point of stress/strain curve.  
Therefore, it is difficult to apply to materials with an evolutionary anisotropic hardening. Haibo Wang et al. (2009) 
considered variation of stress ratios in Yld2000-2d for such materials; Aluminium alloy sheet, and derived better 
results than the previous model. Philip Peters et al. (2012) also announced the results of a similar research on deep 
drawing processes. In this paper, phenomenological material model of 21-Cr ferritic stainless steel was investigated 
by using Yld2000-2d model with variation of stress ratio and the data obtained from the experiment were compared 
with those predicted from the simulation in case of hydrostatic bulge test.  
 
Nomenclature 
Rb ratio of the strain in the transverse directional to strain in the rolling directional under equi-biaxial test ƃTD transverse directional strain ƃRD rolling directional strain 
V   effective stress 
 Cauchy stress 
ſi anisotropic coefficient 
 deviatoric stress 
 deviatoric stress 
 m           exponent in yield equation 
2. Construction of yield function 
2.1. Tests for mechanical properties 
Directional uniaxial tensile test and equi-biaxial tensile test were conducted in order to derive anisotropic 
coefficients of Yld2000-2d model. Especially, both disc compression test and hydrostatic bulge test were 
performed as equi-biaxial tensile test, and the results are shown in Fig. 1. There is a little difference in Rb value 
between disc compression test and hydrostatic bulge test (Kim et al., 2013). This small difference may be ascribed 
to surface roughness that depends on the direction of sheet in disc compression test. The surface roughening 
occurred by texture inhomogeneity in ferritic stainless steel affects directly friction coefficient of the surface. 
Therefore, Rb value in Yld2000-2d model was derived from hydrostatic bulge test which receives rarely the 
influence of friction.  
2.2. Yld2000-2d model 
The model proposed by Barlat, non quadratic anisotropic model, is given as follows: 
  
.                                                                               (1) 
 
are the principal values of stress tensor consisting of the following elements.  
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Fig. 1. Difference Rb of disc compression with Rb of Equi-biaxial. 
 
 
            
 
 
(2) 
 
 
                                                                                                     . 
 
 
 
                           are the deviatoric stress components of the Cauchy stress. And exponent M is taken to be 6 since 
the crystal structure of ferritic stainless steel is BCC. Table 1 shows the anisotropic coefficients for Yld2000-2d 
model using test results in section 2.1, and at that time, stress ratio was used on yield point. 
 
Table 1. Anisotropic coefficients for Yld2000-2d model. 
Į1 Į2 Į3 Į4 Į5 Į6 Į7 Į8 
1.0297 1.0644 0.9324 0.8859 0.9047 0.7752 0.9626 0.9338 
 
2.3. Variation of stress ratio 
Stress ratio based on the equivalent plastic strain was shown in Fig. 2. In this figure, Voce’s hardening 
equations were used for calculating stress ratio over 17% equivalent plastic strain region because of small uniform 
elongations in uniaxial tests. According to this figure, stress ratio of 21-Cr ferritic stainless steel varies as 
equivalent plastic strain. Anisotropic coefficients were calculated using stress ratio in each equivalent plastic strain 
in Fig. 3. The solid line corresponds to the approximated 10th order polynomial equations of anisotropic 
coefficients. In this paper, to account for these variations in stress ratio, each anisotropic coefficient was 
formulated with a function of equivalent plastic strain in ABAQUS user material subroutine.  
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Fig. 2. Variation of stress ratio as equivalent plastic strain. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Calculated anisotropic coefficients of Yld2000-2d as function of effective plastic strain. 
3. Single element FE simulation 
   Using ABAQUS, single element FE simulation was performed in order to verify the effect of variation of 
stress ratio. Fig. 4(a)~(d) describes that stress-strain curves predicted by Yld2000-2d model with variation of stress 
ratio are in better agreement with experimental curves in all cases. In Fig. 4(d), simulation result of equi-biaxial 
test has small strains, because analysis state of force boundary condition becomes unstable over 20% plastic stain 
region, so equi-biaxial stress state is broken.  
4. Application to simulation of hydrostatic bulge test  
Yld2000-2d with variation of stress ratio was applied to the simulation of hydrostatic bulge test. Through this 
simulation, performance of Yld2000-2d with variation stress ratio can be verified in real situation. The simulation 
model is shown in Fig. 5(a) as a quarter model, and the simulation results are shown in Fig. 5(b). For comparison 
with other yield functions, Mises’s and Hill’s were also attached. 
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                                                    (a) RD                                                                                                  (b) DD 
 
 
 
 
 
 
 
 
 
 
 
 
                                                          (c) TD                                                                                                  (d) Equi-biaxial  
Fig. 4. One element simulation result of each stress mode. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    (a) Model of hydrostatic bulge simulation (a quarter model)         (b) Comparison of several yield functions in hydrostatic bugle simulation 
Fig. 5. Hydro-bulge simulation model and results. 
 
As shown in Fig. 5(b), the results predicted by Yld2000-2d with variation of stress ratio are also well fitted with 
the experimental data in real situation. 
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5. Conclusion 
In this paper, evolution of anisotropic yield function was considered by introducing variable coefficients as 
functions of equivalent plastic strain for more precise forming analysis of 21-Cr ferritic stainless steel. The effect 
of varying of stress ratio was verified through the comparison of experiments and simulation. This preliminary 
work showed that modeling the variation of stress ratio in Yld2000-2d might be necessary to simulate sheet 
forming of austenitic stainless steel parts with more complex shapes.  
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